Mitochondrial genomes generally encode a minimal set of tRNAs necessary for protein synthesis. However, a number of eukaryotes import tRNAs from the cytoplasm into their mitochondria. For instance, Saccharomyces cerevisiae imports cytoplasmic tRNA Gln into the mitochondrion without any added protein factors. Here, we examine the existence of a similar active tRNA import system in mammalian mitochondria. We have used subcellular RNA fractions from rat liver and human cells to perform RT-PCR with oligonucleotide primers specific for nucleus-encoded tRNA CUG Gln and tRNA UUG Gln species, and we show that these tRNAs are present in rat and human mitochondria in vivo. Import of in vitro transcribed tRNAs, but not of heterologous RNAs, into isolated mitochondria also demonstrates that this process is tRNA-specific and does not require the addition of cytosolic factors. Although this in vitro system requires ATP, it is resistant to inhibitors of the mitochondrial electrochemical gradient, a key component of protein import. tRNA Gln import into mammalian mitochondria proceeds by a mechanism distinct from protein import. We also show that both tRNA Gln species and a bacterial pre-tRNA Asp can be imported in vitro into mitochondria isolated from myoclonic epilepsy with ragged-red fiber cells if provided with sufficient ATP (2 mM). This work suggests that tRNA import is more widespread than previously thought and may be a universal trait of mitochondria. Mutations in mitochondrial tRNA genes have been associated with human disease; the tRNA import system described here could possibly be exploited for the manipulation of defective mitochondria.
D
ifferent protein-synthesizing systems exist in the cytoplasm and organelles (mitochondria and chloroplasts) of eukaryotic cells. Reflecting the evolutionary origin of the organelle, the mitochondrial system is bacteria-like (1, 2) . For instance, the tRNAs and aminoacyl-tRNA synthetases present in the mitochondria are closely related to their bacterial counterparts. The mitochondrial genome of higher eukaryotes encodes all of the tRNA species necessary for protein synthesis (3) , whereas the aminoacyl-tRNA synthetases are nucleus-encoded and imported into the organelle. The mitochondrial protein-synthesizing system is important for the synthesis of a number of proteins for multienzyme complexes involved in oxidative phosphorylation (1) . Since the original suggestion 40 years ago (4), tRNA import into mitochondria has been demonstrated in Tetrahymena, trypanosomatids, yeast, plants, and marsupials (reviewed in refs. 5 and 6) . The detailed nature of the different tRNA import mechanisms is not yet known; however, ATP hydrolysis is always required. In the yeast system, the importance of some mitochondrial membrane proteins as well as of specific cytosolic proteins (enolase and lysyl-tRNA synthetase) has been established (reviewed in refs. 5 and 6) . After the early observation of the presence of a cytoplasmic tRNA CUU Lys in Saccharomyces cerevisiae mitochondria (7) , import of cytoplasmic tRNA CUG Gln was also demonstrated (8) . Further studies showed that these tRNAs are imported by different mechanisms (8) (9) (10) . The question of import into human mitochondria has never been addressed for its own sake. It was believed that under normal physiological conditions, tRNA import into human mitochondria does not take place (5) . Motivated by the desire to complement mitochondrial tRNA gene mutations linked to diseases, it was established that yeast tRNA Lys (11) and human tRNA Lys (12) could be imported into human mitochondria under special conditions or with the help of additional factors.
Is tRNA import a normal occurrence in human cells? In all known cases, the eukaryotic mitochondrial genomes encode one Fig. 1 . Secondary structure of the nucleus-encoded tRNA Gln from rat. Arrowheads indicate the single-nucleotide differences between the six different isoacceptors found in the genome. Arrows indicate the position of the two oligonucleotide primers used for RT-PCR amplification (432F and 433R). These two primers can only discriminate four of the possible six isoacceptors. The same primers were used for the analysis of nucleus-encoded tRNA Gln from humans.
glutamine tRNA species with the anticodon UUG, tRNA UUG Gln , for translating the corresponding CAA and CAG codons according to the wobble rules (13) . However, should the first anticodon base of this tRNA be modified to 2-thiouracil, a frequent occurrence in bacteria, then CAG codon recognition may suffer (14) . In this case, full decoding capacity could be maintained if cytoplasmic tRNA CUG Gln were imported into the mitochondrion. This is exactly the situation that we encountered in our analysis of S. cerevisiae mitochondria (8) . Here, we extend this experimental pursuit to human and rat mitochondria.
Results
tRNA Gln Is Imported into Rat and Human Mitochondria. To explore the possibility of tRNA import in mammals, mitochondria were isolated from rat liver and HeLa cells by isotonic lysis and Percoll gradient centrifugation (15) . The purified mitochondria were extensively treated with micrococcal nuclease to destroy nucleic acids that might nonspecifically bind to the mitochondrial surface during isolation (16) . We then performed reverse transcription (RT)-PCR analyses of total mitochondrial RNA with oligonucleotide primers specific for the nucleus-encoded tRNA Gln (ntRNA Gln ) isoacceptors (Fig. 1 ). These reactions yielded PCR products consistent with the import of these tRNAs from the cytoplasm (Fig. 2A, lanes 1 and  4) . We also isolated total RNA from the extramitochondrial cellular fraction, which contains a mixture of cytoplasmic and nuclear RNAs (nuclei burst during our mitochondrial purification procedure). This fraction was also analyzed by RT-PCR as a positive control for ntRNA Gln amplification and yielded products whose size was identical to those obtained from the total mitochondrial RNA (Fig. 2B, lanes 1 and 3) . Additionally, control RT-PCRs with oligonucleotides specific for an extramitochondrial RNA, U6 RNA, showed no detectable levels of U6 in our mitochondrial fractions (Fig. 2C, lanes 1 and 6) . However, when similar reactions were performed with the total nonmitochondrial fractions, a clear amplification product was observed (Fig. 2C, lanes 3 and 9) . No PCR products were observed throughout these experiments when ''mock'' controls were performed in the absence of reverse transcriptase, ruling out DNA contamination in our RNA fractions as the source of the observed PCR products. The identity of the U6 RT-PCR product was confirmed by sequencing (data not shown).
We then analyzed the identity of the mitochondrial and cytoplasmic tRNA Gln products. After cloning and sequencing a number of independent clones from the RT-PCR products (Fig.  3) , we found that tRNA UUG1 Gln and tRNA CUG1 Gln , two of the possible four nucleus-encoded isoacceptors that can be distinguished by our primers, were found in mitochondria (Fig. 3) . The presence of a mitochondrial-encoded tRNA UUG Gln was also established by RT-PCR and sequencing, when primers specific for the mitochondria-encoded tRNA were used (data not shown). These (Fig. 2) . The single-nucleotide differences that can be discerned with the primers used are underlined. Also underlined are the anticodon sequences.
experiments demonstrate that our mitochondrial fractions are devoid of any significant extramitochondrial contamination and are consistent with the idea that: (i) the nucleus-encoded tRNA Gln isoacceptors are imported from the cytoplasm and (ii) both the mitochondrial and nucleus-encoded tRNA UUG Gln isoacceptors coexist in mammalian mitochondria.
In Vitro Import into Mammalian Mitochondria Does Not Require
Soluble Cytosolic Factors. In vitro import of tRNAs into isolated mitochondria has been demonstrated in a number of systems including plants, yeast, and trypanosomatids (17) (18) (19) (20) (21) . We examined the in vitro import of various RNAs into isolated rat mitochondria by a nuclease protection assay (see Materials and Methods) (Fig. 4) and showed that radioactively labeled transcripts corresponding to the two imported tRNA isoacceptors are efficiently imported into mitochondria in vitro (Fig. 4 A and  C) . We also purified native tRNA Gln from rat liver as described in ref. 22 . These tRNAs showed import behavior identical to that observed with the in vitro transcripts (data not shown), ruling out the possibility that posttranscriptional modifications play a significant role in this specific import system. A time course experiment showed that the system reached an import plateau after 20 min of incubation under import conditions, where 10 min of incubation was well within the linear range of the assay (data not shown). Therefore the latter incubation time has thus been used throughout our experiments. We then performed similar import assays with two unrelated in vitro transcribed RNAs, the spliced leader RNA (SL RNA) and the gCyb2 guide RNA from trypanosomes (110 and 56 nucleotides in length, respectively). These RNAs were chosen based on both their length (close to the length of a tRNA) and the fact that they are highly structured. Neither substrate supported in vitro import (Fig. 4B ). These observations demonstrate that our in vitro system can discriminate tRNA substrates from heterologous highly structured RNAs.
Import into Mammalian Mitochondria Is ATP-Dependent. In all other cases known, tRNA import into mitochondria is an ATPrequiring process (8, 21, 23, 24) . We have tested the ATP requirements for tRNA Gln import into rat mitochondria and showed that import also requires ATP (Fig. 5 A and B) . Before import, the mitochondria were incubated under conditions that deplete endogenous ATP because without depletion a small fraction of the tRNA is still imported, presumably due to the large amount of ATP generated in these mitochondria (data not shown). A similar basal level of tRNA import in the absence of added ATP has been described for the in vitro import of tRNAs into isolated plant mitochondria (17) . However, the same is not true with isolated human mitochondria, perhaps reflecting relative differences in the steady-state ATP levels in our isolated organelles.
Pretreatment of the mitochondria with digitonin, a detergent that at low concentrations (i.e., Ͻ2% final volume) can selectively remove the mitochondrial outer membrane, led to inhibition of import (Fig. 6A, lanes 1-8) . These digitonin concentrations are not sufficient to completely disrupt mitochondrial integrity but selectively solubilize the outer membrane (25) . Pretreatment of mitochondria with proteinase K also led to a marked decrease in import efficiency (Fig. 6A, lanes 13 and 14) . Similar decreases were observed when the mitochondria were treated with the ionic detergent SDS (Fig. 6A, lanes 15 and 16) . Taken together, the data show that tRNA import is a protein-mediated process that requires intact mitochondria.
Import of tRNA into Mammalian Mitochondria Is Distinct from Protein
Import. The observed ATP requirement and the need for an intact outer membrane raise the question of whether ATP generation by the mitochondria is a key component of tRNA import, as has been described in Leishmania. We then treated mitochondria with the ATPase inhibitor oligomycin (26) . We found that, even at low concentrations, this antibiotic inhibited tRNA import (Fig. 6B, lanes 3-8) . Therefore, in the presence of added ATP, the function of the mitochondrial ATPase is still required for import. This effect of course could be indirect, where inhibition of the ATPase affects the membrane potential or the electrochemical gradient across the inner membrane and in turn affects import.
A membrane potential is needed for the import of a number of tRNAs into isolated plant mitochondria (17) as well as import of tRNA Lys into yeast mitochondria (20) , but it is not required in Leishmania or in the import of tRNA Gln into yeast mitochondria (8, 21) . We then performed import assays in the presence of the potassium ionophore valinomycin. This antibiotic is known to collapse the membrane potential ⌬⌿ in the presence of potassium ions. Even when valinomycin is added in vast excess (100 times the concentration required to collapse ⌬⌿ in the presence of potassium chloride) (21) , it has no effect on the tRNA import efficiency in rat mitochondria (Fig. 6C, compare  lanes 1-4 with lane 8) .
Alternatively, it is possible that the transport of a negatively charged molecule across the mitochondrial membrane could be driven by the inherent pH gradient across the membrane. We also performed import assays in the presence of nigericin, a known inhibitor of the ⌬pH (27) . We found that again this antibiotic had little effect on import efficiency (Fig. 6C, lanes  11-14) . Because the ⌬⌿ and the ⌬pH values are tightly linked, it is possible that in the presence of either inhibitor the electrochemical gradient is partially maintained by a concomitant A reaction similar to that in lane 6 of A was analyzed by a primer extension assay to map the 5Ј end of the products generated after import as described in ref. 21 . Lanes 1 and 2 are negative control reactions performed in the absence of an RNA template or the absence of reverse transcriptase. Lane 3, in vitro cleavage reaction with Escherichia coli RNase P (140 pmol) incubated with the precursor tRNA Asp (40 pmol) as described in ref. 21 , which yields a mature tRNA and serves as a size marker. Lane 4, result of an RNA import reaction with MERRF mitochondria and unlabeled tRNA Asp . Lane 5, full-length pre-tRNA serving as a control and size marker. G, A, T, and C denote an unrelated sequencing ladder used as size markers for the reaction. The dashed arrow corresponds to the 5Ј end of pre-tRNA Asp after treatment with RNase P. The solid arrow marks the position of the pretRNA Asp , and the bracket marks the position of the cleavage product generated by the mitochondrial matrix localized nuclease activity found in mammalian mitochondria and described in ref. 31 . This activity has been shown to digest bacterial pre-tRNAs at 2-4 nucleotides from the authentic 5Ј end of the mature product (31).
increase in ⌬⌿ or ⌬pH, depending on which component is being inhibited. However, incubation of the mitochondria with the potent uncoupler carbonylcyanide m-chlorophenylhydrazone (CCCP) (28) had no effect on tRNA import, demonstrating that neither the electrochemical gradient nor its components ⌬⌿ and ⌬pH play a significant role in tRNA Gln import in our system (Fig.  6D, lanes 2-8) . Interestingly, a membrane potential is absolutely required for protein import into the mitochondrial matrix (29) . These data indicate that tRNA Gln import into mammalian mitochondria is facilitated by a pathway distinct from that used predominantly for protein import. However, this conclusion does not rule out the possibility that protein import factors may participate in tRNA Gln import.
Rescue of tRNA Import into MERRF Mitochondria by Addition of
Exogenous ATP. A number of mutations in the mitochondrial tRNA genes of humans are associated with myoclonic epilepsy with ragged red fibers (MERRF) (30) . Generally, these mutations lead to a drastic reduction in the synthesis of mitochondrial proteins with concomitant reduction in mitochondrial respiration and thus reduced ability to efficiently generate ATP. It was recently shown that a cytosolic tRNA could be delivered into mitochondria of cytoplasmic hybrids (cybrids) from patients suffering from MERFF, if these cells were incubated with the putative RNA import complex (RIC) from Leishmania (12) .
In light of the findings described here, we decided to examine the possibility that the observed complementation could be partly the result of the ability of the Leishmania RIC to complement the ATP deficiency of these cells. Indeed, subunits of the respiratory ATPase are part of the RIC complex (12) . In such a scenario, the added RIC would help generate enough ATP so that the endogenous tRNA import machinery could then naturally drive the import of tRNAs. To test this hypothesis, mitochondria were isolated from wild-type and MERRF cybrid cells and used in our in vitro import assay. As can be seen in Fig.  7A (lane 2) the presence of 2 mM ATP rescued the ability of MERRF mitochondria to import tRNA and restored levels comparable with those observed for wild-type organelles (compare Fig. 7A , lanes 5 and 6 with lanes 9 and 10).
We have shown previously that Bacillus subtilis pre-tRNA Asp could be imported into isolated Leishmania mitochondria, where the presequence was efficiently processed by an RNase P-like activity present in the mitochondrial matrix. This experiment provided evidence for the translocation of this tRNA into the matrix. We performed a similar test with both wild-type and MERRF mitochondria. Pre-tRNA Asp was efficiently imported into both in an ATP-dependent manner. Furthermore, upon import, pre-tRNA was processed to generate a product of a size consistent with that of a tRNA lacking the presequence (Fig. 7A , compare lanes 6 and 10). Previous reports have described an RNase P-like activity in mammalian mitochondria that can efficiently remove the 5Ј leader from a pre-tRNA (31) . When bacterial pre-tRNAs were tested, this activity did not cleave precisely, leaving 2-3 extra nucleotides at the 5Ј end of the substrate (31) . We took advantage of this observation to substantiate further our in vitro import into MERRF mitochondria. We performed the in vitro import assay with unlabeled pre-tRNA Asp . After import, we performed a primer extension assay with a radioactive primer specific for this tRNA. The observed import product corresponded to the 5Ј matured tRNA with 2-3 additional nucleotides at the 5Ј end (Fig.  7B , lane 4) compared with a control reaction where pre-tRNA Asp was incubated with bacterial RNase P in vitro (Fig. 7B, lane 3) . These results are consistent not only with the behavior of the RNase P-like activity of mammalian mitochondria (31) but also with what has been observed for the import of bacterial pre-tRNAs into the mitochondria of Leishmania (21).
Discussion
Our studies have shown that tRNA CUG Gln is imported naturally in vivo into human and rat mitochondria and that in vitro this import requires both addition of ATP and a functional ATPase (Fig.  6B) . Thus, no ''extraneous' components are needed for tRNA Gln import. This finding prompts the questions: (i) What is the use of the imported tRNAs, and are they essential for mitochondrial function? (ii) Why are there different mechanisms of tRNA import?
Mitochondria contain a smaller number of tRNA species than does the cytoplasm (13, 32) . This might be explained by the fact that an unmodified U in the first position of the tRNA anticodon allows such a tRNA species to decode four codons, which are degenerate in the third position (32) . However, should the first anticodon nucleotide of the mitochondria-encoded tRNA UUG Gln be thiolated, the ability of the tRNA to interact efficiently with the glutamine codon GAG may be compromised (14) . Therefore, import from the cytoplasm of a second different glutamine isoacceptor (tRNA CUG Gln ) would be beneficial for optimal protein synthesis. Import of cytoplasmic glutaminyl-tRNA synthase is not necessary; the mitochondrion contains a glutamyl-tRNA Gln amidotransferase for acylation of the tRNA Gln isoacceptors (see ref. 33 ). The idea of tRNA modification and a changed coding response is also supported by the adaptation of the mitochondrial translational apparatus via the import of a mutant yeast tRNA Lys (34) . Our findings also give rise to the possibility that mammalian tRNA import may include additional tRNA species whose identity might be uncovered if the degree of anticodon modifications in mitochondrial tRNAs were known.
Despite differences in the number and types of factors associated with tRNA import in various organisms, tRNAs can mechanistically be imported in two different ways: either via the protein import pathway [e.g., coimport with cytoplasmic aminoacyl-tRNA synthetase (9) or via a pathway independent from protein import that does not require cytosolic factors]. Future studies may reveal other pathways. However, the disparate nature of the import mechanisms suggests that import evolved independently in different systems. Alternatively, differences among various systems may suggest import as a dynamic process that has adapted to intracellular environmental changes provided by a particular organism. The findings presented here that MERRF mitochondria are able to import tRNAs in vitro when provided with sufficient ATP highlight the fact that multiple import pathways could operate in a single organism. This observation is thus reminiscent of the yeast tRNA import system where one mechanism requires cytosolic factors (tRNA Lys import) whereas the other appears to occur independently of them (tRNA Gln import). The import system described here is also analogous to that described with Leishmania tarentolae mitochondria (21) , where neither a membrane potential nor the presence for cytosolic factors is necessary for in vitro import.
A number of mitochondrial diseases have been tightly linked to mutations in mitochondrial tRNAs. Our findings that mammalian mitochondria actively import tRNAs make the prospect of mitochondrial therapy feasible. However, the observed lack of tRNA import into mitochondria from MERFF patients (12) combined with our ability to rescue tRNA import in vitro by adding ATP suggest that unless alternative ATP sources are provided in vivo, both native and surrogate import systems may fail as potential therapies. Import systems may themselves be compromised by mutations that affect certain mitochondrial functions such as the ability to synthesize enough ATP.
Materials and Methods
In Vitro Import Assays. For import assays in all of the studies above, mitochondria from rat liver and/or HeLa cells were isolated as described in ref. 15 . For the import assays, native tRNA Gln was treated with calf intestinal alkaline phosphatase (Invitrogen) followed by phenol extraction and ethanol precip-itation. The tRNA was then 5Ј-end-labeled with [␥-32 P]ATP and T4 polynucleotide kinase (Invitrogen) followed by gel purification on a 7 M urea, 8% polyacrylamide gel. In vitro RNA import assays were performed in a 20-l reaction volume containing 100,000 cpm of 5Ј-end-labeled tRNA, 1 g of mitochondria, 0.6 M sorbitol, 20 mM Tris⅐HCl (pH 8.0), 5 mM ATP, 2 mM DTT, 20 mM MgCl 2, and 2 mM EDTA. After incubation at 27°C for 10 min, 100 units of micrococcal nuclease (MN) (Roche) and 5 mM CaCl 2 were added, and the reaction was incubated an additional 30 min to digest the tRNAs that were not imported into the mitochondria. MN was then inhibited by the addition of 10 mM EGTA (pH 8.0). To isolate protected tRNAs, the mitochondria were washed with 0.6 M sorbitol, 20 mM Tris-HCl (pH 8.0), pelleted, resuspended in 90 l of 10 mM Tris-HCl (pH 8.0), 1 mM EDTA, and 0.1% SDS, and extracted with 0.1 ml of water-saturated phenol pH 4.5 followed by ethanol precipitation. The radioactively labeled tRNAs were separated by electrophoresis through a 7 M urea, 6% acrylamide gel. After electrophoresis, the gels were dried onto Whatman 3MM chromatography paper and visualized with the Storm PhosphorImager imaging system.
RT-PCR.
RNA was isolated from total, MN-treated mitochondrial fractions and/or cytosolic fractions by the guanidinium thiocyanate/phenol/chloroform extraction method (35) . After purification, RNA was treated with RQ1 RNasefree DNase (Promega). Primers AGGTCCTACCCGGATTCGAACCGGG reverse transcription and PCR forward primer, and GGTCCTATAGTGTAGTGGTTAT-CAC PCR reverse primer were used for RT-PCRs. The RT primer was annealed to 5 g of total mitochondrial RNA at 50°C followed by the addition of reverse transcriptase. The RT reaction was carried out as described in the SuperScriptTM II reverse transcriptase first-strand synthesis protocol (Invitrogen). Following RT, 1 l of the 20-l RT reaction was used as a template in a PCR with the forward and reverse primers (above). PCRs were performed by using Taq polymerase following manufacturer's instructions and included a 30-s 95°C denaturation step, 55°C annealing for 30 s and 30 s of 72°C elongation for a total of 30 cycles. Controls included a mock reaction where the RT was left out of the reaction and used as a negative control to test for DNA contamination in the RNA samples. RT-PCR products were cloned by using the TOPO method according to the manufacturers' instructions (Invitrogen).
